Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous soil contaminants originating from natural and anthropogenic sources (Edwards et al. 1983; Wolfgang 2000) . In general, these nonpolar and hydrophobic molecules with two or more benzene rings persist in the environment. The effect and fate of PAHs in nature are of great environmental and human health concern due to their carcinogenic, mutagenic and teratogenic properties (Wilson & Jones 1993; Shaw & Connell 1994) as well as their high concentrations and frequency of occurrence in the environment (Sims & Overcash 1983; Jones et al. 1989 ) and high persistence due to low solubility and bioavailability (USEPA 1985; Edwards 1988; Zaidi & Imam 1999) . Human exposure to PAHs can occur through different environmental pathways including internal absorption through food and water consumption (Edwards et al. 1983; Wild & Jones 1992) .
Recent studies have indicated that the rhizosphere of plants might play an important role in bioremediation of surface soils contaminated with toxic organic chemicals such as PAHs (Schwab & Banks 1994; Gu¨nther et al. 1996; Reilley et al. 1996; Ryan et al. 2000) . The effect of plant roots on the dissipation of organic pollutants has been attributed mainly to increased microbial numbers and selection of specialized microbial communities in the rhizosphere (Reilley et al. 1996; Banks et al. Environmental Geochemistry and Health 26: 285-293, 2004. Ó 2004 Kluwer Academic Publishers. Printed in the Netherlands. 1999), but also to improved physical and chemical soil conditions, supply of root exudates for cometabolic processes (Yoshitomi & Shann 2001) , and increased humification and adsorption of pollutants increasing their bioavailability (Gu¨nther et al. 1996; Joelle et al. 2002) . In contrast, naphthalene mineralization was found to decrease in vegetated microcosms (Watkins et al. 1994) . In field experiments, growth and grain yield of maize were reduced in hydrocarbon-treated pots (Chaineau et al. 1996) . Aprill & Sims (1990) showed that the rhizosphere effect depended on plant species. Little is known about the relative contribution of roots or of specific rhizosphere microorganisms in the dissipation of organic pollutants in the rhizosphere. Investigations of rhizosphere microbial populations have usually compared plate counts of bacteria and fungi, and PAH-using bacteria from rhizosphere and non-rhizosphere soil (Lee & Banks 1993; Qiu et al. 1994; Chaineau et al. 1996 Chaineau et al. , 2000 Gu¨nther et al. 1996) . Other rhizosphere inhabitants have not been considered.
Arbuscular mycorrhizal fungi are ubiquitous symbiotic microorganisms associated with plants of most families of angiosperms and gymnosperms (Harley & Smith 1983) . They play an important role in plant uptake of water, P, and other nutrients (Mosse 1973) . The AM fungi are of particular importance when plants are under environmental stress such as water or salt stress (Sylvia & Williams 1992) . In heavy metal polluted soils, AM fungi can protect plants against metal toxicity (Leyval et al. 1997) , and the possible application of AM fungi for the remediation of heavy metal polluted soils has been discussed (Donnelly & Fletcher 1994; Leyval et al. 1997) . They also contribute to soil aggregation, thus improving soil structure (Miller & Jastrow 1992) .
Although AM fungi provide a direct link between soil and plant roots, very little is known about the interactions between organic pollutants such as PAHs and AM fungi, including the effect of PAHs on mycorrhizal colonization and the effect of AM fungi on plant growth and rhizosphere dissipation of PAHs in polluted soils. Recently, Cabello (1997) showed that mycorrhizal colonization decreased in hydrocarbon-polluted soils in comparison with an unpolluted soil, but no detailed description or soil analysis was given. The objective of the present study was to investigate the influence of PAHs on mycorrhizal colonization of plant roots and the possible role of AM fungi in enhanced degradation of PAHs in the soil.
Materials and methods

Soil
Topsoil (0-20 cm) was collected from Changshu Ecological Experimental Station, Institute of Soil Science, Chinese Academy of Sciences. The paddy soil was developed from lacustrine sediments in the Tai Hu Lake region. The soil was ground to pass a 2-mm plastic sieve. Selected properties were as follows: pH (in H 2 O) 7.40; organic matter 36.3 g kg )1 ; total N 2.25 g kg )1 ; total P 0.75 g kg )1 ; total K 17.4 g kg )1 ; free Fe 2 O 3 16.3 g kg )1 ; and CEC 21.6 cmol kg )1 .
Arbuscular mycorrhizal fungus and host plants
The AM fungus Glomus caledonium was isolated from calcareous soil collected from Henan province in China. The inoculum consisted of plants roots and soil derived from pot cultures with mung bean (Phaseolus radiatus) as host plant. Alfalfa (Medicago sativa) was selected as the test plant.
Pot experiment
The agricultural soil was sterilized and artificially contaminated with benzo[a]pyrene (B[a]P). There were four treatments: control (no B[a]P) and B[a]P applied at rates of 1, 10 and 100 mg kg )1 (dry matter basis). B[a]P was dissolved in acetone and mixed with 1% of the test soil. The acetone was evaporated in a fume cupboard for 2 days, then the soil was mixed with the remaining unpolluted soil and was shaken twice daily (for 20 min on each occassion) to ensure uniform distribution of the B[a]P.
After the samples were mixed, air-dried soil equivalent to 90 g was placed in each pot, about 5% AM fungal inoculum was applied and a further 60 g soil was put on the surface of the pot. Noninoculated pots were also established using sterile inoculum. Thus, there were four rates of B[a]P (including 0 rate controls) · 2 mycorrhiza treatments (mycorrhizal and non-mycorrhizal) · 5 harvest times (30, 40, 50, 60 and 90 days) · 2 planted (planted alfalfa and without alfalfa) · 3 replicates, giving a total of 240 pots in a fully randomized design. The soil moisture content was adjusted to about 70% of the water-holding capacity (WHC) and the pots were incubated in a growth chamber for 7 days. Alfalfa seeds were sterilized in 30% (v/v) H 2 O 2 for 20 min and washed three times with distilled water. Fifteen seeds were sown in three of the six replicates and the seedlings were thinned to 10 seedlings after germination. The growth conditions were: 25°C during a 12-h day and at 20°C during a 12-h night. The light intensity was 4500-7300 lux and the soil was watered and adjusted to 70% of WHC by weight on a daily basis.
The soil samples were air dried in the dark and the plants were weighed to determine their fresh biomass. The percentage of root length colonized by the AM fungus was determined on 100 root segments (1 cm each) after staining by the method of Phillips and Hayman (1970) . Root pieces were mounted on glass slides and examined under ·40 magnification with a compound microscope (Leica Gallen III). Colonization was determined according to the method of Biermann & Linderman (1981) and expressed as the percent of each root segment length that was colonized.
PAHs were determined followed the method described by Song et al. (1995) . Soil polyphenol oxidase activity was measured using standard colorimetric methods (Dick et al. 1988 ) and soil dehydrogenase activity was determined using the TTC method described by Casida et al. (1964) . Data were tested statistically by analysis of variance.
Results and discussion
3.1. Mycorrhizal colonization of alfalfa roots in soil spiked with B[a]P Mycorrhizal colonization of alfalfa was not significantly affected by the addition of B[a]P up to 10 mg kg )1 . The proportion of root length colonized in the controls and B[a]P application rates of 1 and 10 mg kg )1 were all significantly higher than in B[a]P applied at 100 mg kg )1 (p < 0.05) ( Figure 1 ). Our results are similar to those of Leyval & Binet (1998) who found that the indigenous AM population was not significantly affected by the addition of anthracene up to 10 mg kg )1 . The absence of AM fungal propagules in contaminated soil implies that there is a level of PAHs or of some other compounds in the soil inhibiting colonization or survival of propagules if colonization has been successful. The presence and activity of AM fungal propagules should be considered in methods designed to modify the rhizosphere for remediation of contaminated soils. The highest concentration of B[a]P tested restrained the growth of the AM fungus but the lower concentrations of B[a]P did not affect the growth of the AM fungus. . Figure 2 shows that there was no significant difference in enzyme activity among the treatments within the first 60 days of the experiment. However, at later stages the soil polyphenol oxidase activity following addition of low and intermediate levels of B[a]P was significantly higher than that following the highest application rate (p < 0.05). AM fungal colonization had no effect on enzyme activity. Plant roots can enhance the dissipation of organic pollutants in soils, and this has been mainly attributed to supply of root exudates for co-metabolic processes (Yoshitomi & Shann 2001) . When plant roots are stressed, e.g. in PAH-contaminated soil, the plants can exude certain enzymes to degrade or transform the pollutants. Studies have revealed a range of phenol oxidizing enzyme activities, including tyrosinase (EC 1.14.18.1), catechol oxidase (EC 1.10.3.1), ascorbate oxidase (EC 1.10.3.3) and laccase (EC 1.10.3.2) associated with symbiotic AM fungal mycelia in soils with organic pollutants (Bending & Tead 1995; Colpaert & van Laere 1996; Gramss 1997; Timonen & Sen 1998) . Elevated non-specific peroxidase (EC 1.11.1.7) and manganese peroxidase (EC 1.11.1.13) activities have also been recorded for soils colonized by AM fungal mycelia compared to equivalent uncolonized soil (Griffiths & Caldwell 1992; Gramss 1997) . Enzyme activities were associated with AM fungi, but it is difficult to separate enzyme activities produced by the AM fungi from those resulting from changes to the rhizosphere microflora that may be facilitated by the activities of the AM hyphae or those that utilize hyphal biomass or exudates as substrates. Figure 3 shows that there was no significant difference in dehydrogenase activity among the treatments during the first 30 days of plant growth. After 40 days the dehydrogenase activity Previous experiments with PAHs such as anthracene and pyrene (Schwab & Banks 1994; Gu¨nther et al. 1996; Reilley et al. 1996) showed a very rapid dissipation of these compounds in the rhizosphere of several plants in the early stages (40 days) followed by slower rates. These authors also reported that degradation of pyrene was much faster in rhizosphere soil than in bulk soil. However, these experiments were performed with a mixture of only 2-4 PAHs. Binet et al. (2000) studied the fate of eight PAHs (3-6 rings) in the rhizosphere, and showed that ryegrass was able to accelerate the dissipation of a range of PAHs, including 5 and 6 ring PAHs such as dibenzo(a,h) anthracene nad benzo(g,h,I)perylene which have a low solubility and bioavailability. Their results also showed that the decrease in total extractable PAHs in the rhizosphere was higher in an experiment without soil ageing (66%) than one with soil ageing. This difference could be due to the decreased bioavailability of the PAHs with the ageing process (Hatzinger & Alexander 1995) . Their results also showed that the ryegrass rhizosphere was able to improve dissipation of 3-6-ring PAHs, but that the dissipation was higher for 3-ring PAHs (phenanthrene and anthracene) than for the other high molecular weight compounds, confirming that they were more recalcitrant.
Dehydrogenase activity
The AM fungi are of particular importance when plants are under environmental stresses such as water-or salt-stress (Sylvia & Williams 1992) . AM fungi have been shown to improve water uptake by plants (Sylvia & Williams 1992) , thus they may be crucial for water uptake in PAHpolluted soils. In this respect, mycorrhizal fungi producing dense and long extraradical hyphae may be particularly efficient in degrading PAHs in soils. Cabello (1997) showed that mycorrhizal colonization decreased significantly in hydrocarbon-polluted soils in comparison with a non-polluted soil. The effect of AM fungi on the dissipation of organic pollutants has mainly been attributed to increased microbial numbers and selection of specialized microbial communities in the mycorrhizosphere (Reilley et al. 1996; Banks et al. 1999) . Some studies have shown that the numbers of microorganisms in the mycorrhizosphere were as much as 1000 times those in the non-mycorrhizosphere, and that the microorganisms play an important role in the dissipation of organic pollutants in soils (Andrew et al. 2000) . Moreover, AM fungi also release enzymes which may enhance the degradation of organic pollutants. The results of Leyval & Binet (1998) indicate that AM fungi may improve plant survival in a PAH-polluted soil and the degradation rate of PAHs in contaminated soil with AM fungal inoculation were significantly higher than without AM fungal inoculation.
Summaries
The colonization rate of mycorrhizal roots of alfalfa was not significantly affected by the addition of B[a]P up to 10 mg kg )1 during plant growth, but was significantly lower in the highest concentration of B[a]P (100 mg kg )1 ) than the lower B[a]P concentrations (p < 0.05). There was no difference in polyphenol oxidase and dehydrogenase activities among the control, 1, and 10 mg kg )1 B[a]P treatments but when 100 mg kg )1 B[a]P was applied, polyphenol oxidase and dehydrogenase activities were significantly lower than in the other three treatments, and there was no difference between mycorrhizal and non-mycorrhizal treatments.
During the 90-day experimental period, concentrations of B[a]P in alfalfa-planted soil were significantly lower than in unplanted soil (p < 0.05). In the 1, 10 and 100 mg kg À1 B[a]P treatments, the degradation rates of B[a]P with non-mycorrhizal alfalfa were 76, 78 and 53%, respectively, and with mycorrhizal plants were 86, 87 and 57%. The degradation rates in unplanted treatments were significantly lower than planted soil, and the degradation rates in medium and low B[a]P treatments were significantly higher than at the high B[a]P concentration.
